Particle damping technology can greatly reduce vibration of equipment and structure through friction and inelastic collisions of particles. An energy dissipation model for particle damper has been presented based on the powder mechanics and the collision theory. The energy dissipation equations of friction and collision motion are developed for the particle damper. The rationality of energy dissipation model has been verified by the experiment and the distributions for the energy dissipation of particles versus acceleration are nonlinear. As the experiment process includes lots of factors of energy dissipation, such as the noise and the air resistance, the experimental value is about 7% more than the simulation value. The simulation model can provide an effective method for the design of particle damper. And the particle parameters for damper have been investigated. The results have shown that choosing an appropriate particle density, particle size, and particle filling rate determined based on the simulation model will provide the optimal damping effect for the practical application of particle damping technology.
Introduction
Particle damping technology can greatly reduce vibration of equipment and structure by friction and inelastic collisions of particles [1, 2] . This technology has lots of advantages, for example, reduced impact force, simple structure, low costs, small modification of original structure, low additional mass, and good adaptability to a wide temperature range. These unique features provide for broad engineering prospects in aerospace, automobile and precision machinery, and so forth [3, 4] .
The mechanism of energy dissipation for particle damping is involved in the mechanical behavior and particulate matter dynamics. The high damping performance in vibration reduction has led to advances through research [5, 6] . Now, the research progress in the field is at an exploratory stage. The research methods are mostly divided into the simulation and the test [7] [8] [9] . The simulation method mainly includes the DEM (discrete element method), the regression analysis, and the optimization design [10] [11] [12] [13] [14] [15] [16] [17] . Because the nonlinear contact model has a limit on the time step of contact parameters, DEM is inappropriate for large numerical computation when particle number is more than 10 7 [10] . In fact, the number of particles is always more than 10 8 , and it hinders the development of DEM. Now, some new methods are introduced into the research [18] [19] [20] [21] [22] [23] .
When the main structure and the damper are excited, the kinetic energy is dissipated through friction and inelastic collision between particles and damper. On this occasion, the powder mechanics is effective for calculating frictional energy dissipation, and the theory of collision energy is effective for calculating collisional energy dissipation for particle damper, which need less computation.
For the frictional motion, we established a model for particle damper based on powder mechanics, and the frictional energy dissipation was calculated. And for the inelastic collision motion, we established a collision model based on the motion of particles and the damper boundary. Then, the total energy dissipation was calculated, and the simulation results were compared with experimental results. So the simulation model can provide a new analysis method for the practical application of particle damping technology.
Model of Frictional Energy Dissipation
The discrete element method can simulate the response of particle and damper with small numbers of particles. The large number of particles in the damper (in excess of 10 8 ) will make the DEM method computationally very demanding. A simple assessment method considering layer's pressure is of important value in the design of damper with large number of particles.
In this paper, a parameter is introduced to describe the way, where the layer stress of the particles is redirected perpendicularly to its initial load [20] .
If the total height of the rectangular particle damper is , we establish a mechanical model. Figure 1 shows the particle layer with infinitesimal thickness ℎ. The forces on the particle layer ℎ at the vertical direction are balanced by
where 1 and 2 represent the force of the damper side on the particle layer, 3 represents the force on the lower particle layer, and 4 represents the force on the upper particle layer. The forces on the particle layer ℎ in Figure 1 are given by
where represents the gravity of the particle layer, represents the friction coefficient between the inner damper and the particles, represents the Janssen coefficient, represents the stress of the particle layer in the vertical direction, and represents the particle bulk density. Substituting (2) into (1), the integration can be rewritten as
The distance of adjacent particles from the thinnest to the thickest is given by
During the slippage of particles, on the basis of the energy conservation law, the kinetic energy for particle system will be dissipated due to friction work. As the particle system is under a harmonic excitation, the vibration of particle damper will be reduced.
Assuming the depth of particles is ℎ and the filling rate of particle volume is , ℎ = . It can be concluded that the maximum friction work for particle damper is given by
where represents the friction coefficient of the particle layer , represents the particle layer number in the damper, = / , represents the particle diameter, and = 2 .
Model of Collision Energy Dissipation
In this paper, a model of collision energy dissipation for particle damper is established based on the collision theory.
The Model of Collision among the Particles.
In order to judge the particle position at every moment, the local coordinates of interaction for the particles are established in Figure 2 .
Assuming that the mass of particle 1 is 1 and particle 2 is 2 and the radius of particle 1 is 1 and particle 2 is ( 2 , 2 , 2 ). So, the velocities are, respectively, ( 1 , 1 , 1 ) and ( 2 , 2 , 2 ). The contact condition for particles 1 and 2 is given by
Before the collision of particles, assuming that the velocity of particles 1 and 2 in the local coordinates is (V 1 , V 1 , V 1 ) and (V 2 , V 2 , V 2 ), the equations of the velocity for particle 1 between the original coordinates and local coordinates are given by
where cos , cos , and cos are the cosine of direction for axis.
After the collision of particles, based on the momentum theorem, the equation for particles 1 and 2 is given by
The equation of velocity before and after collision of adjacent particles in local coordinates is given by where matrix and matrix are given by
When two particles collide, one particle will move to a new position. After a time step Δ , the new coordinates of position for particle 1 are given by
The Model of Collision between the Damper and Particles.
As the particles keep moving in the damper, the particles collide with the inner damper. The contact between the damper and the particles can be done as the mass-springdamping system. Assume that the mass for particle is , and its motion velocity is V . The collision process can be divided into two phases "compression and recovery phase" [14] . Assuming that the motion velocity of particle is V after the collision, the model of collision is given in Figure 3 .
Compression Phase.
During the compression phase, based on the theorem of impulse, the equation of impulse is written as
where ( 0 , 0 , 0 ) is the motion velocity of particle in the tangent and the normal plane before the compression; ( 0 , 0 , 0 ) is the motion velocity of particle in the tangent and the normal plane after the compression; ( , , ) is the impulse of particle in the tangent and the normal plane during the compression phase.
After the compression phase, the component V 0 of motion velocity for particle in tangent plane is
where the dynamic friction coefficient in the tangent plane is defined by
Recovery Phase.
During the recovery phase, the equation of collision impulse is written as
where ( , , ) is the position of particle in the tangent and the normal plane after the recovery; ( , , ) is the motion velocity of particle in the tangent and the normal plane after the recovery; ( , , ) is the impulse of particle in the tangent and the normal plane during the recovery phase.
The Newton recovery coefficient 0 in the normal plane at the contact area between particle and the damper is defined by
After the recovery phase, the motion velocity V for particle in the tangent plane becomes
After a whole collision process Δ , the new coordinates of position for particle are given by 
The Model after Collision with the Inner Damper.
After the collision with the inner damper for particle 1 , Figure 4 shows the model of the adjacent particles. Assuming that the motion velocity of particle 1 is V 1 , particle 2 is static during the collision between particle 1 and the inner damper. After the collision with particle 2, based on the momentum theorem, the motion velocity V 2 of particle 2 is given by
where 12 is the recovery coefficient between particle 1 and particle 2.
In Figure 4 , the energy of particle 1 is transferred and attenuated from particle 1 to particle . By the recursion, the motion velocity V during the collision of the th particle is given by
Before and after the collision, assume that the motion velocity for the damper is 1 and 2 . The recovery coefficient 0 can be calculated by (17) , and the motion velocity V is written as
From (22), we can see that the velocity V is associated with the particle number, the particle material, the damper material, and the damper velocity before the collision.
As the motion of particle changes, it will access the next step size of time and return to the above process, which calculates the increment of motion for particle again and again. By the iterative calculation, we can achieve the real time motion tracing for every particle.
For the particle damper, the energy dissipation of collision motion is defined as
where represents the particle number participating collision. For the damper model, the total energy dissipation of particles is given by
Result Analysis and Experimental Verification

Discussion of Parameters for Friction Model.
Assuming that = 0.45 (magnesium oxide to steel), = 0.7, = 0.25 (magnesium oxide), and = 1.65 g/cm 3 . Figure 5 shows the variation of the stress with the depth ℎ of the particle layer and the ratio of the length 1 to the width 2 ( = 1 / 2 ) for the particle damper. As the depth ℎ increases, the stress of the particle layer intensifies. When the layer depth ℎ exceeds a value, the motion amplitude of the whole particle keeps steady. As the particle depth ℎ is 1.35 m, the limiting value of the stress is 4752 Pa. This particle layer can bear the weight of the entire particle system. And, as shown in Figure 5 , at the same depth of particle layer, with the increase of the ratio for the damper, the stress increases. Figure 6 shows the effects of layer depth ℎ and filling rate on the stress . With the increase of filling rate , the stress at the same depth of particle layer increases. But with the increase of filling rate , the total particle number by frictional motion in the damper below reduces, weakening the damping effect. Figure 7 shows the effects of the particle number and the recovery coefficients on the velocity of adjacent particles. The recovery coefficients of particles are 0.25, 0.45, 0.65, and 0.85. As shown in Figure 7 , after collision between particles and damper, the velocity for the adjacent particle drops quickly. A lower recovery coefficient will lead to a greater energy dissipation and damping effect. When the collision is transferred to the seventh particle and is less than 0.65, the particle velocity will drop to 6% initial velocity. Figure 8 shows the effects of the recovery coefficients and the initial velocity on the energy dissipation . When the initial velocity for particle damper increases, the energy dissipation rises. A higher initial velocity will result in a faster energy attenuation. As the recovery coefficient increases, the damping effect weakens in the particle damper. 
Discussion of Parameters for Collision Model.
Experimental Verification.
The energy dissipation experiment is performed to verify the correctness of the model for particle damping. The shape of experimental damper is a cube, and the damper material is carbon steel, with the dimensions of 150 mm × 150 mm × 400 mm. The schematic plot of experimental system is shown in Figure 9 .
The test setup is mainly composed of test components, electromagnetic exciter of JZ-30, acceleration sensors, and signal acquisition analyzer of INV-3118. The electromagnetic exciter produces the excitation signal through two-force bar. The acceleration signal of the damper is acquired by a signal collection and transferred to a signal analyzer. The sampling number per cycle is more than 500 and the experimental process is repeated 4 times. The excitation signal of the electromagnetic vibrator JZ-30 is the sine wave.
In this experiment, the energy dissipation for particles is written as
where exp represents the energy dissipation for particles in this experiment, exc represents the excitation work of damper which could be calculated by the force gauge, and kin represents the kinetic energy which could be calculated by the acceleration sensor.
The photograph of this experimental system is shown in Figure 10 .
Firstly, the aluminum oxide, the stainless steel, and the tungsten carbide are used for experimental material. The densities of the three materials are, respectively, 3.4 g/cm 3 , 7.9 g/cm 3 , and 18.4 g/cm 3 with 85% volume filling rate and Acceleration (g) Figure 11 : The energy dissipation results for the simulation and experiment.
4 mm particle size. The results showing the energy dissipation versus acceleration distributions for the simulation and experiment are shown in Figure 11 under the three densities of particle. The distributions for the energy dissipation of particles versus acceleration are nonlinear. For the low density of particle, the energy dissipation is less than the high density of particle. As the particle density increases, the damping effect rises, and the vibration attenuation of the tungsten carbide particle material is optimal in the experiment. From Figure 11 , the distributions of the energy dissipation for the simulation and test are in good agreement, and the experimental values of energy dissipation are slightly more than the simulation results. It verifies the rationality for the theoretical model of particle damper. As the experiment process includes lots of factors of energy dissipation, such as the noise and the air resistance, the experimental value is about 7% more than the simulation value. So, for the design process of particle damper, the simulation model can provide an effective method to choose an appropriate particle density. Secondly, in order to investigate the effect of particle size and exciting acceleration on the energy dissipation, the stainless steel is used for experimental material with 85% volume filling rate. The experimental results showing the energy dissipation versus acceleration distributions for the different particle size are shown in Figure 12 . As the particle size increases from 1 mm to 5 mm, the energy dissipation rises greatly. And as the particle size increases from 5 mm to 7 mm, the energy dissipation drops. So we can draw the conclusion that there is an optimum particle size for vibration attenuation of a structure. In this experiment, the 5 mm particle size is the best for stainless steel ball. One reason for this result is that there is the adhesion among the too small particle size; and another reason is that too large particle size will result in fewer chances for friction and collision, which will decrease the vibration attenuation of an exciting structure. So, for the design process of particle damper, choosing an appropriate particle size determined based on the simulation model is important.
Thirdly, in order to investigate the effect of particle filling rate and exciting acceleration on the energy dissipation, the stainless steel is used for experimental material 4 mm particle size. The experimental results showing the energy dissipation versus acceleration distributions for the different particle filling rate are shown in Figure 13 .
As there is no particle in the damper, the energy dissipation value is nearly zero. And as the particle filling rate increases to 90%, the energy dissipation values rise. However, as the particle filling rate exceeds 90%, the energy dissipation values begin to drop. So we can see that there is an optimum particle filling rate for damping effect. In this experiment, the 90% particle filling rate is the best for stainless steel ball of Acceleration (g) 50% 60% 70%
Without particle 80% 90% 95% Figure 13 : The experimental results for the different particle filling rate.
4 mm particle size. The main reason for this result is that there is less clearance of particle motion in the damper for too much particle, which will decrease the damping effect of an exciting structure. So, choosing an appropriate particle filling rate based on the simulation model will provide for the practical application of particle damping technology.
Conclusions
An energy dissipation model for particle damper has been established based on the powder mechanics and the collision theory. The equations of friction energy dissipation and collision energy dissipation are developed for the particle damper. Through the experiment, the rationality of energy dissipation model is verified and the important parameters of particle damping have been investigated, such as the particle density, the particle size, and the particle filling rate.
(1) The distributions for the energy dissipation of particles versus acceleration are nonlinear. For the low density of particle, the energy dissipation is less than the high density of particle. As the particle density increases, the damping effect rises, and the vibration attenuation of the tungsten carbide particle material is optimal in the experiment.
(2) As the particle size increases from 1 mm to 5 mm, the energy dissipation rises greatly, and as the particle size increases from 5 mm to 7 mm, the energy dissipation drops. In this experiment, the 5 mm particle size is the best for stainless steel ball.
(3) As the particle filling rate increases to 90%, the energy dissipation values rise. However, as the particle filling rate exceeds 90%, the energy dissipation values begin to drop. In 8 Shock and Vibration this experiment, the 90% particle filling rate is the best for stainless steel ball of 4 mm particle size.
For the design process of particle damper, choosing an appropriate particle density, particle size, and particle filling rate determined based on the simulation model will provide the optimal damping effect for the practical application of particle damping technology.
